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Abstract
An electrical pulse E(t) is completely defined by its time-dependent amplitude and polarisation
direction. For optical pulses the manipulation and characterisation of the light polarisation state
is fundamental due to its relevance in several scientific and technological fields. In this work we
demonstrate the complete temporal reconstruction of the electric field of few-cycle pulses with a
complex time-dependent polarisation. Our experimental approach is based on extreme ultraviolet
interferometry with isolated attosecond pulses and on the demonstration that the motion of an
attosecond electron wave packet is sensitive to perturbing fields only along the direction of its
motion. By exploiting the sensitivity of interferometric techniques and by controlling the emission
and acceleration direction of the wave packet, pulses with energies as low as few hundreds of
nanojoules can be reconstructed. Our approach opens the possibility to completely characterise
the electric field of the pulses typically used in visible pump-probe spectroscopy.
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The complete characterisation of optical pulses requires the possibility to sample in time
oscillating electric fields on the sub-femtosecond timescale. In the last decade, the devel-
opment of attosecond science and technology has made available the technological tools
towards this goal
1–3
. In general, the electric field E(t) is a vector quantity and the measure-
ment of the (time-dependent) polarisation is required for its complete reconstruction. The
polarisation state of the radiation is a key parameter in the light-matter interaction, as it
determines selection rules in photoexcitation and photoionisation of atoms and molecules,
and spin properties of photoelectrons emitted from surfaces. Moreover, polarisation shaping
and synthesisation of complex time-dependent polarisations are widely adopted schemes to
control laser-matter interaction at high-intensities4,5, at the nanoscale level6, and for the
optimal control of quantum systems7.
An electric field with a time-dependent polarisation can be retrieved by measuring its
components along two (perpendicular) directions. For ultrashort pulses approaching the
single-cycle regime8, the rotation of the polarisation axis through wave plates can introduce
distortions due to the large spectral bandwidth and higher-order phase dispersion terms.
Therefore, the characterisation along these two directions should avoid the use of such ad-
ditional dispersive elements.
A technique capable to fully characterise weak probe pulses with energy of a few tens or
hundreds of nanojoules would be also desirable. In this way the full reconstruction of electric
fields would not be limited to intense pulses9, but it could be extended to the probe pulses
typically used in visible and infrared pump-probe spectroscopy.
Two complementary approaches have been demonstrated so far for the complete character-
isation of optical waveforms: the attosecond streak camera10,11 and the petahertz optical
oscilloscope12. Electric fields with linear13 and time-dependent polarisation14 were retrieved
using the first approach, which, however, requires the use of intense fields. On the other
hand, the second technique introduces a systematic distortion of the reconstructed waveform
due to the non-collinear geometry12.
XUV spectral interferometry with isolated attosecond pulses
In our experimental approach we take advantage of extreme ultraviolet (XUV) spectral
interferometry driven by isolated attosecond pulses to demonstrate the full reconstruction
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of unknown fields characterised by a complex polarisation pattern. XUV spectral interfer-
ometry of high-order harmonic sources was already demonstrated with trains of attosecond
pulses for the investigation of plasma15 and molecular16 dynamics. In these approaches one
XUV pulse acts as a reference, while the characteristics (phase or amplitude) of the second
one are modified by the ongoing dynamics.
The application of XUV interferometry for the reconstruction of optical pulses is presen-
ted in Fig. 1a: two coherent intense driving fields are focused in two closely-spaced focal
spots, where two attosecond electronic wave packets are released by tunnel ionisation in
the continuum and accelerated (a,b). When the electric field drives back the wave packets,
two closely-spaced coherent isolated attosecond pulses are generated upon recombination
of the electrons with the ground state of the parent ions. The polarisation direction of the
isolated attosecond pulses is linked to the direction of motion of the electronic wave packets
(x direction in Fig. 1a), which is determined by the direction of polarisation of the driving
field. The two XUV pulses interfere in the far-field along the vertical direction, while the
spectra are dispersed by a suitable optical setup in the perpendicular direction (Fig. 1b).
The unknown, perturbing optical pulse Eunk is overlapped in one of the two focal spots.
The weak field perturbs the generation of XUV radiation leading to a modulation in the
amplitude (∆E) and phase (∆ϕ) of one of the two isolated attosecond pulses. This modula-
tion is imprinted in the strength (amplitude) and position (phase) of the interference fringes
(see Movie 1 in the Supplementary Information), and it is determined by the instantaneous
unknown field during the motion of the electronic wave packet12. Indeed ∆E and ∆ϕ are
related to the imaginary and real part of the phase accumulated by the electron wave packet
in the continuum (S)17, which is determined by the ionisation (tion) and recombination (trec)
times, and by the total field experienced by the electron wave packet in the continuum. We
have verified that these three quantities depend linearly on the amplitude of the unknown
field (in a suitable intensity range, see discussion below).
By changing the arrival time τ of the pulse, the fringe position and the total signal of the
XUV spectrum oscillate as shown in Figs. 1c and 1d, respectively. The electric field of the
perturbing field can be reconstructed from either the amplitude or the phase of the oscil-
lation of the interference pattern, as shown in Fig. 1e, which reports the input field (solid
lines) and the electric field reconstructed from the amplitude and phase of the oscillations.
The input field was shifted in time and normalised to match the reconstructed fields. The
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Figure 1. XUV spectral interferometry with isolated attosecond pulses.
a, Two electronic wave packets, upon recollision, lead to the generation of two coherent isolated
attosecond pulses, which interfere in the far-field. A weak probe pulse Eunk perturbs the amplitude
(∆E) and phase (∆ϕ) of one of the two attosecond pulses. b, Simulated XUV spectral interfer-
ence pattern on the output plane of an XUV spectrometer. The right and lower panel show the
projections along the vertical (red dashed line) and horizontal (white dashed line) directions, cor-
responding to the divergence and the spectrum of the XUV interference pattern, respectively. The
parameters of the experiment have been used in the simulations (see Supplementary Information).
c,d, Dependence of the divergence (c) and of the spectrum (d) of the simulated XUV interference
pattern as a function of the delay τ . e, Electric fields retrieved from the amplitude (red circles,
arbitrary units) and the phase (black squares) using a Fourier analysis of the oscillations of Fig. 1c
(see Supplementary Information). The time difference between the two reconstructed fields is about
a quarter of optical cycle. The field used in the simulation is shown by solid line (red and black).
The input fields have been shifted and normalised to match the reconstructed ones. Parameters
used in the simulations: FWHM=5 fs, λ=744 nm, I = 3.5× 1014 W/cm2, CEP=0 for the driving
field; FWHM=5 fs, λ=744 nm, I = 3.5× 1010 W/cm2, CEP=0 for the unknown field.
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amplitude modulation of the interference pattern can be attributed to the variation of the
ionisation probability, due to the presence of the unknown field. Therefore, the field recon-
structed from this modulation corresponds to the unknown field at the ionisation instant.
On the other hand, the phase modulation of the interference pattern is due to the variation
of the phase accumulated by the electron wave packet between the ionisation and recom-
bination instants. The reconstructed field corresponds to an average value of the unknown
field between these two instants. For this reason, the reconstructions from the amplitude
and phase modulations present a temporal offset, as shown in Fig. 1e.
We have verified that the effect on the phase of the interference pattern scales linearly with
the electric field for peak intensities between I = 5× 108 W/cm2 and I = 9× 1012 W/cm2.
The effect on the amplitude of the modulation is linear in a smaller intensity range (up to
about I = 5×1011 W/cm2). This difference can be attributed to the exponential dependence
of the tunnelling ionisation rate on the electric field, which limits the intensity range for the
linear dependence on the unknown field. For this reason, in the following we will focus on
the electric fields reconstructed from the phase of the interference pattern.
We have also verified that pulses with a carrier-wavelength as short as 200 nm can be re-
produced with an error between 5% and 15% (evaluated on the single reconstructed electric
field value) depending on the duration of the unknown pulse.
Attosecond electron dynamics as time-gated directional field detector
The strength of the effect and, therefore, the reconstruction of the electric field strongly
depends on the relative orientation between the direction of the electronic motion (determ-
ined by the direction of polarisation of the driving field) and the instantaneous polarisation
direction of the unknown field. This is demonstrated in Fig. 2a, which shows a linearly
polarised field (continuous black line) and the reconstructed fields in the case of polarisa-
tion parallel (blue open square) and perpendicular (green open circle) to the motion of the
electronic wave packet. The reconstruction of a (almost) zero field in the perpendicular
case reveals that the electronic motion is (almost) unaffected by the unknown field in this
configuration. This can be explained by observing that the phase S accumulated by the
electronic wave packet depends on the integral of the kinetic energy between the ionisation
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and recombination instants17:
S ∝
∫ trec
tion
[ps+eAdr(t)+eAunk(t)]
2dt '
∫ trec
tion
[ps+eAdr(t)]
2+2[ps+eAdr(t)]·eAunk(t)dt (1)
where e, ps, Adr(t), and Aunk(t) indicate the electron charge, the stationary momentum,
and the vector potential of the driving and unknown fields, respectively. The driving field
steers the motion of the electronic wave packet along its polarisation direction (ps is par-
allel to Adr(t) with excellent approximation), thus making negligible the contribution of
the second term of Eq. 1 and the influence of the unknown, perturbing field, when the two
pulses are perpendicularly polarised. This conclusion holds true up to intensities for which
the unknown field cannot be considered a perturbation of the driving one, any longer. As
the electronic motion is sensitive to the parallel, but not to the perpendicular perturbation,
the phase and amplitude of the isolated attosecond pulse encode information only on the
projection of the instantaneous electric field along the direction of motion. For the recon-
struction of the unknown field, the electronic dynamics acts as a time-gated directional field
detector, which is sensitive only to the field component along its main axis (which coincides
with the direction of motion of the electron) within a time-gating window. Due to the dy-
namics of the electronic wave packet in the continuum, the duration of the gate amounts to
a few hundreds of attoseconds.
This conclusion is confirmed in Fig. 2b, which shows the maximum of the projection of the
linearly polarised field of Fig. 2a, along a reference direction (x), as a function of the angle η
between this direction and the polarisation axis of the field. As expected, the curve evolves
as | cos(η)| (orange line), with a small difference between η = 0◦ and η = 180◦ due to the
asymmetry of the few-cycle field.
The maximum field of the pulse, reconstructed by the analysis of the evolution of the in-
terference pattern (magenta points), as a function of the angle θ between the direction of
the electronic wave packet and the perturbing field, matches perfectly the evolution of the
maximum of the projected field. We also verified that, not only the maximum amplitudes,
but also the evolution in time of the complete field is well reproduced for all relative angles.
The component of the electric field perpendicular to the electronic motion does neither
affect the reconstruction for a generic polarisation state of the unknown pulse. This is
demonstrated by the reconstruction of the field for a pulse with circular polarisation (red
full circle), shown in Fig. 2a. Also in this case, the reconstructed field is given by the pro-
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jection of the vectorial field along the axis of the time-gated directional field detector. A
similar conclusion holds true also for elliptically polarised pulses.
These observations open the possibility for the characterisation of pulses with a complex
time-dependent polarisation, by applying the reconstruction along two (perpendicular) po-
larisation directions of the isolated attosecond pulses. As an example (see Fig. 2c), we
considered two perpendicularly polarised few-cycle pulses with different carrier frequencies.
Due to the different periods of oscillation, the polarisation state of the total field varies from
circular on the edges of the pulses (with opposite helicities) to linear in the centre. The
reconstruction of the pulse along perpendicular directions (x and y; blue squares) follows
perfectly the input fields, thus giving access to the complete characterisation of the vectorial
field.
Experiment and full reconstruction of linearly polarised electric fields
In the experimental setup (see Fig. 3a), we used the polarisation gating (PG) technique
to implement XUV spectral interferometry with isolated attosecond pulses18,19. The few-
cycle pulses passed through a binary plate, which imposed a pi phase difference between the
lower and upper halves of the beam16. In the focus, this phase difference caused two closely-
spaced coherent focal spots, which were the source points of the two isolated attosecond
pulses. The far-field interference pattern of the two XUV pulses is presented in Fig. 3b. Clear
interference fringes were observed in the vertical direction, while the spectrum was dispersed
in the horizontal direction by a grazing incidence XUV spectrometer. The deviation of the
interference fringes from the horizontal direction can be attributed to small misalignments
in the grazing incidence spectrometer.
The unknown, perturbing field Eunk (initially linearly polarised along the x direction) was
overlapped with one of the two foci. In the experiment, we typically used unknown pulses
with energies on the order of a few hundreds of nanojoule corresponding to intensities of
about 1010 − 1011 W/cm2. A peak intensity as low as a few ∼ 109 W/cm2 still produced
a significant shift of the fringes (∼ 0.1 rad), which could be experimentally measured with
our setup.
Figures 3c and 3d show the divergence and the XUV signal as a function of the relative
delay between the driving and perturbing fields, respectively. The delay-dependence are in
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good agreement with the simulations presented in Figs. 1c,d (see Movie 2 in Supplementary
Information). The field retrieved from the amplitude and phase modulations is shown in
Fig. 3e. These measurements demonstrate the reconstruction of few-cycle linearly polarised
pulses using spectral interferometry based on isolated attosecond pulses. The robustness of
the reconstruction was verified using different XUV wavelengths and different algorithms
(see Supplementary Information).
To demonstrate that the dynamics of the electronic wave packet is sensitive only to the weak
field parallel to its motion, we measured the unknown field for different rotation angle ψ of
a half-wave plate inserted in the beam path (see Fig. 3a). The maxima of the reconstructed
field (red circles in Fig. 3f) well reproduced, the expected evolution (| cos(2ψ+ψ0)|, where ψ0
is an offset angle), confirming that the isolated attosecond pulse encodes information only on
the perturbing field parallel to its polarisation. The lowest intensity of the component of the
perturbing field along the electronic direction used in Fig. 3f was estimated in Iunk = 1.5×
109 W/cm2.
Full reconstruction of electric fields with time-dependent polarisation
The reconstruction of complex vectorial fields requires the characterisation of two (usually
perpendicular) components. The PG technique offers a straightforward way to implement
the reconstruction of optical fields along different directions, because the polarisation direc-
tions γ1,2 of the isolated attosecond pulses can be modified by simply rotating the angle of
the first plate of the PG unit from α1 = +45
◦ to α2 = −45◦ (see Fig. 3a and Supplementary
Information). This approach presents the advantage that the axis of our directional field
sensitive detector can be rotated without any additional dispersive optical element neither
on the driving nor on the perturbing field. By measuring the projections E1(t) and E2(t) of
the vector field Eunk(t) along the two directions identified by γ1 and γ2, the two perpendic-
ular components Ex(t) and Ey(t) can be reconstructed (see Supplementary Information).
To demonstrate the full capability of the technique, we synthesised fields with a complex
time-dependent polarisation state, by replacing the half-wave plate with a replica of the PG
unit on the unknown pulse (see Fig. 3a). The axis of the plates of this second PG unit were
initially aligned along the polarisation of the incoming linearly polarised field. By rotating
the angle β of the first plate to β± = ±45◦, a sharp transition from circular (elliptical)
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to linear and back to circular(elliptical) is expected. For opposite values of β, the helicity
of the transition is expected to reverse21,22. For each β± angle, two measurements for α1
and α2 were acquired. Figures 4a,b show the x and y components of vectorial electric field
retrieved for β+ and β−, respectively, and the projection of the field in the x − y plane.
The pulse was characterised by a complex time-dependent ellipticity (see Figs. 4a,b), which
evolves from elliptical (positive helicity) to linear and back to elliptical (negative helicity)
for β+ = +45◦. The transition between different polarisation states can be clearly observed
in the three-dimensional representation of the fields, which evidences a rotation of the po-
larisation vector clockwise (counter clockwise) on the leading (falling) edge of the pulse for
β+ (Fig. 4c)23. For β−, the rotation directions are reversed (Fig. 4d), as expected.
Our approach also allows for the characterisation of the carrier envelope phase (CEP) of
the field, by analysing the variations of the electric field components in the time window
of linear polarisation. The CEP was controlled by changing the amount of fused silica in-
serted in the beam path24. The reconstruction for three CEPs spaced by pi/2 is shown in
Figs. 5a,b,c. We can observe that the ellipticity is only slightly affected by the CEP, as well
as the component of the electric field along the x direction (apart from a shift in time). The
minor component of the field, on the other hand, is strongly modified and it is even reversed
for a pi phase shift (Figs. 5a,c). The simulations are shown in Figs. 5d,e,f, which report the
field for the three CEPs ϕ = 0 (d), ϕ = pi/2 (e), and ϕ = pi (f). The good matching between
the simulations and the experiments allows one for a reliable determination of the CEP of
the unknown field. The measured projection in the xy plane is also reported in Figs. 5g,h,i.
The field corresponding to the time window of Figs. 5a,b,c is shown in green. The transition
through a state of linear polarisation is clearly visible, and it evidences that the projections
are characterised by narrow (and opposite) region of linear polarisation for ϕ = 0, pi. This
transition region becomes broader for intermediate CEPs (ϕ = pi/2). This periodic variation
is in excellent agreement with simulations (see Movie 3 in Supplementary Information).
Conclusions
In conclusion, we have demonstrated the complete temporal characterisation of the time-
dependent amplitudes of the two components (including their carrier-envelope phases) of a
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few-cycle pulse with a complex polarisation state. The experimental approach is based on the
implementation of spectral XUV interferometry and on the demonstration that the dynam-
ics of a single electron wave packet acts as an attosecond directional sensitive field detector.
These results opens the possibility for the complete characterisation of an optical field with
a generic polarisation state using an all-optical approach free from distortions. Combined
with phase sensitive detection techniques based on lock-in amplifier, the sensitivity of the
techniques can be further improved opening new perspectives for the full characterisation
(amplitude, phase, and carrier-envelope phase) of probe fields used in pump-probe spec-
troscopy. This approach would offer the possibility to reconstruct the complete response
(complex dielectric wave function) of metallic and nanostructured system in the visible and
infrared spectral range, in perfect analogy to time-domain spectroscopy for semiconductors
in the THz domain.
Methods
The data that support the plots within this paper and other findings of this study are
available from the corresponding author upon reasonable request.
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Figure 2. Single electron recollision as time-gated directional field detector. a, Simulated
(black line) and reconstructed electric field in the case of linear polarisation parallel (blue open
squares) and perpendicular (green open circles) to the motion of the electronic wave packet, and
in the case of circular polarisation (red full circles). Parameters of the simulation: FWHM=4 fs,
λ=600 nm, carrier envelope phase CEP=0. b, Maximum amplitude of the projection of the electric
field of a linearly polarised pulse along the reference x direction, as a function of the relative angle
η between this direction and the polarisation axis of the field (orange line). Maximum amplitude
of the reconstructed field, as a function of the relative angle θ between the motion of the electronic
wave packet and the polarisation axis of the field (magenta points). c, Simulated (green solid line)
and retrieved electric fields (blue spheres) for a pulse with a time-dependent polarisation state.
The projections along the x and y directions are shown for the input (black lines; x direction
FWHM=4 fs, λ=600 nm, I = 3.5 × 1010 W/cm2, CEP=0; y direction FWHM=4 fs, λ=744 nm,
I = 3.5× 1010 W/cm2, CEP=0) and for the reconstructed (blue open squares) fields.
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Figure 3. Experimental setup and reconstruction of linearly polarised few-cycle pulses.
a, Experimental setup. A beam-splitter (BS) divided the incoming beam in the driving and the
unknown, perturbing pulses. The intensity of the field driving the high-order harmonic generation
process was adjusted by an iris. The binary 0-pi plate introduced a pi-phase shift leading to two
coherent foci in the focal plane of the 150-mm-focal-length focusing mirror. The polarisation of the
driving pulse was modulated in time by a PG unit (delay plate with a thickness d = 180µm and
zero-order quarter-wave plate). The unknown field is collinearly recombined using a drilled mirror.
b, Experimental XUV spectral interference pattern measured in the far-field. The right and lower
panel show the projections along the vertical (red dashed line) and horizontal (white dashed line)
directions, corresponding to the divergence and the spectrum of the XUV interference pattern,
respectively. c,d, Dependence of the divergence (c) and of the spectrum (d) of the experimental
XUV interference pattern as a function of the delay τ . e, Electric fields retrieved from the amplitude
(red line) and the phase (black line) using a Fourier analysis of the oscillations of c. f, Evolution of
the experimental maximum electric field as function of the rotation angle ψ of the λ/2 wave plate
on the unknown field (red circles). The black line indicates the expected maximum of the electric
field. The error bars were estimated as the amplitude of the noise on the reconstruction for delays
much larger than the pulse duration.
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Figure 4. Reconstruction of electric fields with time-dependent polarisation.
a,b, Reconstructed electric fields (Ex component black solid line; Ey component red solid line),
projection in the plane xy perpendicular to the propagation direction (blue solid line), and ellipticity
(green solid line) for β+ = +45◦ (a) and β− = −45◦ (b). c, d, Three dimensional representation
of the two fields with time-dependent polarisation for β+ = +45◦ (c) and β− = −45◦ (d). The
arrows indicate schematically the helicities for the two cases. The green sections correspond to the
ellipticity variations shown in a,b.
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Figure 5. Effect of the CEP in the temporal window of linear polarisation. Measured
(a,b,c) and simulated (d,e,f) electric fields (Ex component black solid line; Ey component red
solid line) and ellipticities (green solid line) for β+ = +45◦ and three CEPs ϕ = 0 (a,d), ϕ = pi/2
(b,e), and ϕ = pi (c,f). The ellipticity in the central temporal window (-3.3 fs-3.3 fs) is highlighted
in green. Experimental projection (blue dashed line) of the electric fields perpendicular to the
propagation direction for the three CEPs ϕ = 0 (g), ϕ = pi/2 (h), and ϕ = pi (i). The green lines
correspond to the projections in the temporal window (-3.3 fs-3.3 fs), shown in a,b,c.
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